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Abstract  
 
In this experiment, a method of calculating ballistic coefficients of .22LR (long 
rifle) caliber ammunition was developed using Doppler radar to track the pre-impact and 
post-impact velocities of projectiles passing through gypsum board. The method 
demonstrated has distinct advantages in accuracy and flexibility over conventional 
chronograph projectile tracking that forensic firearm experts should consider when 
determining the optimal method to obtain a ballistic coefficient (BC). G1 and G7 ballistic 
coefficients were determined for three .22LR ammunition brands with respective muzzle 
velocities of approximately 1050ft/s (320m/s), 1230ft/s (375m/s), and 1640ft/s (500m/s) 
fired from a Ruger 10/22 semi-automatic carbine using an​ Infinition ​35.5 GHz BR-3503 
Doppler radar. Short ranges from 5ft (1.52m) to 25ft (7.62m) were utilized for the 
collection of data needed to calculate ballistic coefficients using ​JBM Ballistics​ ballistic 
coefficient calculator software. Calculated ballistic coefficients were then compared to 
manufacturer’s estimated BC and velocity losses were recorded to indicate change in 
stability from perforating gypsum board. The Remington ammunition, had a calculated 
average BCs for G1 were 0.012​±001, 0.057±0.024, and 0.038±0.003 at the 5ft(1.524m), 
15ft (4.572m), and 25ft (7.62m) mark; the C​CI ​Mini Mag ammunition had calculated G1 
BCs of 0.011±0.001, 0.027±0.004, and 0.05±0.01 at 5ft (1.524m), 15ft (4.572m), and 
25ft(7.62m), respectively; the CC​I S​tinger Varmint ammunition had average G1 BCs of 







Forensic firearm analysts are sometimes tasked with investigating and 
reconstructing the events that have occurred involving the use of a firearm in the 
commission of a crime. These scenes can come in a variety of situations, and it is 
expected that the forensic firearm expert be capable of determining an efficient and 
practical method of evaluating and reconstructing the scene to obtain crucial information 
in a reliable and replicable scientific manner. The field of shooting reconstruction is vast 
and includes a myriad of analytical techniques such as gunshot residue analysis, bullet 
pattern striations comparison, chemical composition analysis, and forensic ballistics 
(Haag 2019a). In forensic reconstruction, there is often the need to recreate shooting 
incidents that can vary greatly in distance, trajectory, substrate, and overall damage 
caused by discharged bullets. Most analytical methods used in helping to determine these 
factors involve two main parameters: post-impact velocities, and the ballistic coefficient. 
The post impact velocity indicates the velocity of the bullet after an impact with a 
substrate, while the ballistic coefficient is a unit of merit that represents the ability of a 
bullet to resist velocity loss as a result of flight conditions such as gravity and air 
resistance (Warlow 1996). The higher the ballistic coefficient, the greater the post-impact 
velocity of the bullet.  
There is also a distinction among the three different types of ballistics to consider 
for investigation: internal, external, and terminal ballistics. Internal ballistics refers to the 
activities occurring within the barrel of the firearm from the moment the firing pin hits 
the primer of the cartridge until the bullet exits the muzzle. External ballistics refers to 






gravity and air resistance. Terminal ballistics refers to the behavior of the bullet when it 
hits and transfers energy to a target. This experiment focuses on external ballistics and on 
determination of ballistic coefficients.  
Current methods of calculating these coefficients involve the collection of 
velocities obtained from two chronographs, instruments capable of recording velocities to 
great accuracy. However, issues from these devices include a narrow collection range, 
limitations to only a small set path of the bullet’s flight, inaccuracies in measuring the 
short distance between the two chronographs, and the risk of damage to the equipment 
from the projectile (Haag 2019b). Chronographs are also incapable of providing 
particularly useful exterior ballistic data on ricocheted and destabilized bullets because it 
is highly likely that any deflected or ricochet bullet could damage the chronograph. (Haag 
2013a). This is another disadvantage of the dual chronograph method so commonly used 
that Doppler radar can effectively address.  
 
Literature Review 
Doppler radar serves as a viable and potentially more effective alternative to 
overcoming these issues: It can collect velocity data on the projectile throughout the 
entirety of its flight, along with any fragments produced as a result of impact (such as 
glass shards) does not require measurement of a physical distance between a firearm and 
target. It is placed next to a muzzle, negating the need to place the device downrange, 
potentially in the line of fire if aimed incorrectly (Nennstiel 2011). The BC can be 
calculated onsite after firing only one shot because the Doppler radar can obtain several 






The Doppler radar technique relies upon its namesake, the Doppler effect. The 
Doppler effect can best be described as follows: when the source of a wave, such as a 
sound wave, and its observer are in relative motion with respect to the medium through 
which the wave propagates, the frequency of the wave observed is different from the 
frequency emitted by the source (Nennstiel & Rahm 1992). The parts of the Doppler 
radar include the antenna, which emits electromagnetic waves at fixed frequency, an 
acoustic trigger, to begin data acquisition as sound when the cartridge is fired, and a 
junction box to connect all the sources to a data processor with Doppler software for 
analysis.  
For bullets, a modified version of the frequency equation  can be made to/λf = c  
determine the frequency of the bullets. This equation 
 b s ·(1 /c)f = f − v   
indicates the frequency received by the bullet. Fb represents the frequency received by 
the bullet, fs represents the frequency of the electromagnetic wave transmitted by the 
radar antenna, v is the velocity, and c is the speed of light. Once the bullet receives this 
frequency, it reflects that frequency continuously throughout its flight creating an 
electromagnetic wave shift that is detected by the receiver. However, since the Doppler 
effect is only applicable for radial velocities, in short ranges, a parallax compensation is 
necessary to adjust for the discrepancy between the muzzle of the firearm and the 
position of the radar itself (see figure 1). This geometric correction uses the relative 
position of the antenna to the muzzle to measure the correct velocity at this angle 







Figure 1​: A depiction of parallax compensation used with Doppler radar. The 
antenna’s placement adjacent to the barrel of the firearm prevents it from aligning with 
the direction of the true velocity of the traveling bullet. Because the antenna’s waves emit 
radially, the measured velocity obtained is at an angle to the true velocity. To compensate 
for this discrepancy, one can input geometric corrections regarding the position of the 
antenna to calculate the true velocity, as if the antenna were placed in the same position 
as the barrel. Image obtained from (Nennstiel & Rahm 1992).  
 
 
Once the Doppler signal is acquired, the frequency that is constantly reflected by 
the bullet obtained by the radar can be determined using Fast Fourier Transformation to 
convert a function of time into a function of frequency. The results of this can be 
presented by a spectrogram on the Doppler software used that can be further analyzed to 
yield bullet velocity at all distances throughout its flight, determine its relative stability as 
it comes into contact with particular substrates, and ascertain the behavior of the multiple 
fragments and other particles produced as a result of impact. The ability of Doppler radar 
to perform all of these functions from a single fired shot lends credence to its usefulness 
in the forensic fields in determining the relative kinetic energy and maximum distances of 
firearms (Siso, Bokobza, Hazan-Eitan, Gronspan & Schecter 2016). 
With the measurements obtained from Doppler radar, different ballistic software 
can be used to calculate ballistic coefficients accurately and efficiently (Haag 2016c). 






software which can calculate downrange velocities at selected distances, times of flight, 
and other values once the muzzle velocity is obtained (Haag 2016b​).  
The primary drawback of the Doppler radar unit is its cost, as the unit is 
expensive compared to the chronographs. However, its qualities are ideal for measuring 
velocity ranges and its use should be recommended whenever possible to collect data to 
create a compendium of ballistic coefficients and of post-impact velocities in order to 
confirm or exclude theories regarding positioning of shooters in casework, particularly in 
reconstruction of shooting scenes.  
 Previous research indicates that ballistic calculation techniques have already been 
employed in the investigation of a firearm-related incident. In Haag’s 1989 paper, he uses 
ballistic trajectory calculations to determine whether or not a victim had been struck with 
an unobstructed view from the shooter, or did not have any immediate sight of the 
potential victim when firing (Haag 1989). Using detailed information such as flight time, 
angle of elevation, and velocity loss, Haag was able to determine that the shooter had 
fired upon the victim with a clear sight of her.  
Definitions of bullet trajectory can vary from source to source; trajectory can be 
defined as the actual distance up to which a bullet trajectory might be regarded as a 
straight line, which results from the shooting distance and from the characteristics of the 
firearm–ammunition combination used, such as muzzle velocity and the bullet’s drag 
coefficient (Mattijssen & Kerkhoff 2016). 
Another paper observed the velocity loss of bullets that ricocheted across water in 
the determination of a fatal shooting in which the victim had been struck across a lake 






incident to determine the amount of velocity loss that was experienced by the bullet and 
whether or not that velocity loss was substantial enough to reduce the capability of the 
bullet to penetrate the skin. It was concluded in this research, thanks to the information 
imparted by the Doppler radar system, that the velocity would have been too slow for the 
bullet to penetrate the skin and inflict the fatal wound on the victim had it ricocheted off 
the water. In this case, forensic Doppler analysis helped investigators narrow down the 
possibilities of this incident and eventually led to an admission of guilt by the shooter 
regarding the incident. In cases involving such stray bullets, Doppler radar and other 
ballistic methods can serve a purpose in answering difficult questions that traditional 
techniques may not be capable of answering (Wintemute, Claire, McHenry & Wright 
2011). Other literature showcases how impact velocity can verify or exclude possibilities 
for shooter locations using the depth of penetration as a means to determine velocity 
(Haag 2013b). 
There are a variety of substrates and obstacles that bullets may encounter in their 
flights that can disrupt their stability. Depending on the material or intervening object, the 
kinetic energy transfer of the bullet into its target can tremendously decrease, as a result 
of its velocity loss when trying to perforate the material in question (Haag 2016a). In 
instances in which the target is a human body, the bullet penetrating the body is 
decelerated depending on the resistance of the perforated tissue (Schyma, Infanger, 
Müller, Bauer & Brünig 2019). When the angle of impact is at the critical angle to cause 
ricochet, bullets destabilized by the ricochet experience a yawing to tumbling motion in 






can be examined through Doppler radar with the use of its waterfall plot function 
(Knudsen & Heigaard Sorensen 1997).  
Once post-impact and muzzle velocities are determined, alongside other factors 
such as distance, weather and barometric pressure conditions, and bullet shape, one can 
establish a BC for ammunition type fired from a particular firearm. Ballistic coefficients 
can be viewed as figures of merit in which a larger BC indicates that the bullet can better 
retain its velocity in flight (Haag and Nennstiel 2013c). As a result, most shooters would 
prefer a bullet with a higher BC compared to a lower one, as the bullet is more likely to 
travel where aimed for a farther distance than a lower BC bullet would.  
A theoretical standard bullet has also been proposed as a standard of comparison. 
The theoretical standard bullet would be best described as a one pound, one-inch 
diameter projectile with a length of 3.28 inches with a BC of 1.0 (Haag 2013c). Bullets 
that decelerate more rapidly than this theoretical bullet would have a BC less than 1.0, 
and bullets that decelerate less rapidly would have a BC greater than 1.0. Rifle bullet BCs 
generally tend to fall into the range of 0.20-0.40 whereas pistol bullets can fall even 
lower to ranges of 0.10-0.20 (Haag 2013c). The BC of any bullet is not to be considered 
an absolute value, as its calculation can vary tremendously from each firing depending on 
the conditions present at the time.  
Prior to Doppler radar use, traditional methods of obtaining the information 
needed to calculate a ballistic coefficient have involved the use of dual chronographs 
positioned at a carefully selected distance of usually 100 yards (Haag 2013c). The 






fixed distance, a ballistic coefficient can be calculated using the following equation: 
/2ρV ² ACdF =  − 1   
Wherein F is the decelerative force or aerodynamic drag, p is the density of the 
atmosphere, V is velocity, A is the cross-sectional area of the bullet, and Cd is the drag 
coefficient. (Haag 2013c).  
With Doppler radar use, the relation proportion can be alternatively written as 
 G​i​(M)/C​i  
wherein G represents the drag function, M is the mach number measured as 
Velocity/Speed of Sound under the testing conditions, and C represents the ballistic 
coefficient. The proportion can be simplified from the previous decelerative force 
equation as the only variables are the velocity and drag coefficient, as the Doppler radar 
can extrapolate ballistic coefficient values based on the deceleration calculated using the 
force equation of F=ma, and the A and p values are constant (Haag 2013c).  
Bullet shape plays an important factor in determining ballistic coefficient and the 
shapes of bullets can vary tremendously based on caliber and use. Ballistic coefficients 
are typically assigned the letter G, a reference to the ​Gâvre​ ​Commision of the French 
Naval Artillery, and a number, which indicates a particular shape. (Haag 2013c). For 
example, G1 shapes are most commonplace and can be best described as having a round 
nose with higher drag, whereas G7 indicates very low drag boat tail bullets that 
decelerate less quickly throughout the entirety of its flight as compared to the G1 bullets. 












Figure 2a (above)​: Pictured are two 9mm cartridges to the leftmost and rightmost 
and in center is a 9mm Luger bullet. Notice the round nose or tip of the bullet and flat 
base towards the bottom of it. These are characteristics reflective of the G1 shape for BCs 
as seen in Figure 13. Image obtained from Wikipedia page on 9x19 Parabellum 
https://en.wikipedia.org/wiki/9%C3%9719mm_Parabellum 
 
Figure 2b (below)​: Pictured below is one Speer Spitzer boat tail bullet. It has a 
narrow base and sharp, pointed nose; these characteristics allow it to experience less 
aerodynamic drag while in flight and is designed for long range shooting. Its features 







Both chronographs and Doppler radar have been capable of producing G1-G7 
ballistic coefficients under optimal circumstances (Haag 2018a). However, Doppler radar 
is capable of overcoming limits that the dual chronograph method has, such as limited 
accuracy at farther ranges, and the error in measuring the short distance between the two 
chronographs. Doppler radar can allow for the measurement of both impact and exit 
velocities and track the relative stability or instability of each bullet as it exits the target, a 
benefit that the chronographs simply cannot provide (Haag 2018b). 
Given the attributes of the Doppler radar, an experiment was designed following 
Haag and Jason’s drywall experiment in which an examination of bullet deflection upon 
perforating gypsum board was conducted using Doppler radar (Jason and Haag 2010). 
Drywall, interchangeable with the terms gypsum board and “Sheetrock” (a popular brand 
of drywall synonymous with the product itself), is a construction material that is a panel 
of gypsum sandwiched between two thick sheets of paper (see figures 3a and 3b). 
Gypsum is a soft mineral that is composed of calcium sulfate dihydrate that is mined and 
then crushed before being heated and placed between two sheets of paper to make a 








Figure 3a​ (​Left)​: Depicted is a closeup of a piece of gypsum board from the side at 
approximately ½ inches.  
Figure 3b (Right)​: Depicted is another piece of gypsum from the side. The sheets of 
paper on the outer surfaces of the board are moved to show their thinness relative to the 
size of the gypsum core in between. Both images were photographed by a cell phone 
camera  
 
 Since gypsum board is incredibly commonplace in construction of building walls 
and many indoor environments, it is an ideal substrate to be tested for Doppler analysis. 
(Gaiao, De Brito & Silvestre 2011). Using three types of .22LR ammunition, along with 
drywall in fixed positions at a variety of distances, this experiment set out to establish G1 
and G7 ballistic coefficients, derived from velocity losses after impact, and to observe the 









Methods and Materials 
2.1 Firearms and Firearm Equipment 
The firearm selected for this experiment was a semi-automatic Ruger 
10/22 carbine (Southport, Connecticut, USA) chambered for .22 LR rimfire ammunition 
with a custom 20-inch barrel provided by Dr. Diaczuk of PRI labs.  A sturdy rifle rest 
was provided by PRI labs to hold the firearm in place during shooting. A movable cart 
was constructed to hold all apparatus relating to the firearms during data acquisition. Ear 
and eye protection were provided by PRI to ensure the safety of the shooters.  
 
2.2 Ammunition Types 
For use in this experiment, .22LR caliber ammunition was selected and 
purchased from a firearm sales distributor. The three variations of .22LR ammunition 
purchased were as follows: Remington 22LR rimfire Subsonic Lead Round Nose at 38 
grains and a listed muzzle velocity of 1050 feet per second (320m/s) manufactured in 
Lonoke, Arkansas, USA; CCI Target Mini Mag .22LR, copper plated round nose at 40 
grains and a listed muzzle velocity of 1235 feet per second (375m/s) based in Lewiston, 
Idaho; CCI Varmint Stinger 0.22 LR, copper plated hollow point at 32 grains and a listed 
muzzle velocity of 1640fps (500m/s) based in Lewiston, Idaho. The Remington subsonic, 
CCI Target Mini Mag, and CCI Varmint Stinger are also referred to as the slow, medium, 








Figure 4. ​Pictured above are the various ammunition types used in the experiment. The 
CCI Mini Mag .22LR was deemed the medium velocity ammunition. The Remington 
Subsonic Varmint .22 LR caliber was deemed the slow velocity. Lastly, the CCI Stinger 

















Figure 5.​ Characteristics of the Ammunition selected for the experiment. All are .22LR 
of varying velocities and weights. Metric equivalents for the manufacturer velocity are 
given in parenthesis in (m/s) 
 
2.3 Doppler Radar 
The BR-3503 Doppler radar was purchased from Infinition Inc. 
(​Trois-Rivières, Quebec, Canada) with a provided frequency of 35.5 GHz to provide 
short range measurements at a high resolution for small projectile calibers. Infinition Test 
Center software was purchased from ​Infinition Inc. (​Trois-Rivières, Quebec, Canada) and 
installed onto laptops to process data collected by the Doppler radar and acoustic trigger, 
then transferred to the software via the junction box’s ethernet cable. The AT-O1 acoustic 
trigger with an axial cable was purchased from ​Infinition Inc. (​Trois-Rivières, Quebec, 
Canada) and synchronized to TestCenter data software to begin data acquisition with the 
sound of the projectile exiting the muzzle upon firing. ​The JB-6e junction box was 
purchased from Infinition Inc. (​Trois-Rivières, Quebec, Canada) to perform signal 
conditioning, sampling, and data transfer over a 100 Mbps Ethernet link and serve as an 






(Grains) Caliber Brand 
Manufacturer 
Velocity  
10/22 Ruger Semi 





10/22 Ruger Semi 
Auto-Carbine 40 .22LR CCI Mini Mag 
1235ft/s 
(375m/s) 
10/22 Ruger Semi 






The acoustic trigger was mounted onto a tripod and placed directly below the 
muzzle of the 10/22 Ruger carbine for data acquisition. The Doppler radar was mounted 
and placed parallel to the muzzle of the Ruger carbine. The approximate variables of X, 
Y, and Z, which are the distances of the Doppler radar to the muzzle vertically, axially, 
and horizontally, were 2cm, 2cm, and 33cm respectively. TestCenter software was set to 
collect on single fire-mode and on the provided values for X, Y, and Z listed above. See 
figure 6 for an example of this setup. 
 
Figure 6. ​Downrange Doppler Acquisition setup with semi-automatic Ruger 10/22 
carbine placed on rifle mount. A makeshift platform was developed to hold the substrates 
in place during firing. A wooden barricade was placed at the end of the range to prevent 








2.4 Substrate Setup 
The substrate used in the experiment was ​Sheetrock UltraLight​ 1/2 in. x 4 ft. x 8 
ft. gypsum board​ ​purchased from Home Depot (Atlanta, Georgia, USA) which was then 
cut into 1/2in x 12 in x 15 in rectangles. The gypsum board substrates were held in place 
by a mount and placed at approximately 5 ft, 15 ft, and 25 ft from the muzzle of the 
firearm for firing. A laser sight was used to aim the rifle to the target position on the 
board (see figure 7). Once fired upon, the board was moved approximately 2 inches away 
from the prior bullet hole to aim for the next series of shots. Each gypsum board was shot 
5 times before switching to another board. No shots were made closer than 4 inches from 
the border to maintain substrate integrity from shot to shot (see figures 8-11). 
 
 
Figure 7:​ Downrange photo of Doppler Acquisition setup with Drywall substrate. 
Drywall is held mechanically by the platform. A laser sight is used to target the shot into 
the substrate. Taken at PRI labs using a cell phone camera. The firearm in this photo is 









Figure 8​: Photographed above is one of the gypsum boards facing front. The numbers 
above the holes indicate the trial number of the shot that was fired. Some numbers are 
upside down since the board was flipped over when those shots were taken. At the top 
left are factors indicating the date, shooter initials, distance, and ammunition type. The 
image below is the same gypsum board with a scale provided to show the length. The 







Figure 9​: A closeup of the gypsum board in Figure 8 with bullet holes. There is an 
approximate 2 inch distance from one bullet hole to the next. The numbers indicate the 
numbered shot that hit the substrate where “1” indicates the 1st shot, “2” indicates the 











Figure 10a (above and below): ​Depicted is the back side of the same gypsum board in 
Figure 8 and 9. Five exit holes are​ ​shown with slight variations in the paper surrounding 
the holes. The paper on the outer surface of the gypsum board is punctured differently in 
each hole. The most significant difference can be seen between the top center and top 
right holes in both photographs which could be due to factors such as storage of the 










Figure 11a (above): ​Closeup of entry hole 5 found in the front side of the board from 
Figure 8. Notice the punched in paper from the kinetic force of the bullet entering the 
gypsum board.  
Figure 11b (below)​: Closeup of exit hole 5 found in the backside of the board from 
Figure 8. It appears that the paper on the right side of the hole has displaced to 
approximately   ​½ inch​ away from the exit hole itself. Small fragments of gypsum core 








2.5 Data Acquisition Setup 
The acoustic trigger was mounted onto a tripod and placed directly below the 
muzzle of the 10/22 Ruger carbine for data acquisition. The Doppler radar was also 
mounted on a tripod and placed parallel to the muzzle of the Ruger carbine (see figure 
12). 
The approximate variables of X, Y, and Z, which are the distances of the Doppler 
radar to the muzzle vertically, axially, and horizontally, were 2cm, 2cm, and 33cm, 
respectively for the parallax compensation. TestCenter software was set to collect on 
single fire-mode and on the provided values for X, Y, and Z listed above.  
The substrates were placed in the direct line of sight of the firearm which was 
placed parallel to the ground to ensure the closest straight shot possible. Consequently, 
the bullet impacted essentially perpendicular to the surface of the substrate. Each 
substrate was fired upon 5 times with 2” adjustments from any prior shot and at least 3” 
from the edge of the drywall to after each shot to prevent firing on the same location 
twice and to maintain substrate integrity. Each muzzle distance tested had 5 trials from 
each ammunition type indicated, leading to a sample size n=5 for each combination of 
distance and muzzle velocity type. There was a total of 45 shots recorded with the 








Figure 12 ​. Closeup of Doppler Acquisition setup. BR-3503 35.5GHz Doppler radar is 
placed adjacent to the muzzle of the Ruger PC-9 carbine. The acoustic trigger is placed 
beneath the muzzle to begin collection at the sound of the firearm.  
 
2.6 ​Ballistic Coefficient Determination and Usage 
Ballistic coefficients were determined using a ballistic coefficient calculator 
software freely available (JBM Ballistics, n.d.). The variables needed to calculate ballistic 
coefficients using the software are as follows: muzzle velocity (initial velocity), 
post-impact velocity (the velocity after impacting a substrate), the distance from the 
muzzle to target, the drag function of the bullet (ranging from G1-G7 when applicable), 
temperature, altitude, pressure, and humidity. The relationship between different drag 
functions and their ballistic coefficients can best be ​described by using the following 







Wherein G is the drag function, which is not constant and changes with the Mach 
number indicated by the (M), and i is a designator for the drag function, such as G1, G2, 
G5, G6, etc. C is the ballistic coefficient for the chosen drag function.  
The Mach number (M) can be calculated as a ratio between the velocity of the 
projectile over the speed of sound at standard conditions given by the equation: M= V/S 
where V is the velocity of the projectile and S is the speed of sound at standard 
conditions.  
The drag functions chosen were G1 and G7 to draw distinctions between the 
ballistic coefficients at the highest and lowest levels. The round nose shape of the bullets 
often denotes the drag function of G1 whereas a sharper, more pointed shape will often 
have a higher assigned drag function such as G5-G7 (see figure 13).  
 
Figure 13. ​Depictions of the G1 and G7 type of bullet shapes that are used to 
determine ballistic coefficient. Note the flat base of the G1 shape and more rounded nose, 
as opposed to the sharper pointed nose and the narrower​ base of ​the G7 shape. G1 bullets 
are considered to be the most common ammunition, whereas G7 tend to be specialized 
for long-range shootings at higher velocities. Images obtained from KestrelMeters.com.  
 
Calculated values of the G1, G5, G6, and GL drag (G) functions were taken from 
Exterior Ballistics of Small Arms Projectiles (E. D. Lowry, Research Dept., 






used in the calculations of ballistic coefficients alongside information provided by the 
Doppler radar software.  
Conversions between ballistic coefficients of differing drag functions can be 
performed using the following equation: G​i​(M)/C​i​ = G​j​(M)/C​j  
Where j indicates a drag function that differs from i. Rearranging the equation can 
allow for the solving of the new ballistic coefficient Cj via the equation C​i​ = 
C​j​G​i​(M)/G​j​(M) 
Standard conditions for pressure, and wind speeds were used in the calculations 
with an ambient temperature of 32 degrees F. 
 
Results 
Throughout this study, it was determined that Doppler radar could consistently 
provide data regarding projectile velocities throughout the duration of its flight. ​Tables of 
the following values can be found in Figures 14-16 with additional tables in the appendix.   
For the Remington Subsonic Varmint, deemed the “slow” ammunition, at the 5ft 
(1.524m) mark, a mean velocity loss was observed at 70 ft/s±23ft/s (21.5​±​7.1m/s) after 
impacting the gypsum board substrate. The standard deviation is varied and is most likely 
due to shot 1, which did not receive as large of a velocity loss as the other values in that 
trial. As the muzzle to target distance increased for the Remington ammunition, the 
muzzle velocity remained consistent between shots and with manufacturer listed values 
as expected. However, the velocity loss after impacting the substrate at 15ft (4.572m) and 
25ft (7.62m) was much more varied than expected. Typically, with a further distance 






resistance, drag, and other factors. Instead, it was observed that the Remington 
ammunition had experienced the smallest velocity loss at the 15ft (4.572m) distance, and 
a slightly larger velocity loss at the 25ft (7.62m), averaging 28.2​±15.2ft/s​ (8.6​±​4.7m/s) 
and 55.5​±1.3ft/s (​16.9​±0.​4m/s), instead of the expected linear increase in velocity loss 
over the muzzle to target distance.  
For the CCI Mini Mag, deemed the “medium” ammunition, the muzzle velocities 
were also consistent with manufacturer listed velocities between shots under all 
conditions tested. The mean velocity loss had decreased linearly as the muzzle to target 
distance increased, against what the expected outcome would be for reasons listed earlier. 
The standard deviation for the medium velocity loss ammunition was demonstrably 
improved at a value of 87.5​±18.7ft/s​ (26.7​±​5.7m/s) at 5ft (1.524m) over the slow 
ammunition’s 70 ft/s​±23ft/s​ (21.5​±​7.1m/s). Other values for the velocity loss were 
approximately 66.7​±15.7ft/s (​20.3​±​4.8m/s) at 15ft (4.572m), and 50.8​±1.9ft/s 
(15.5​±​0.6m/s) at 25ft (7.62m).  
For the CCI Stinger Varmint, deemed the “fast” ammunition, the muzzle 
velocities were highest with this type as expected, since it had the fastest listed of the 
ammunition used. The mean velocity losses were approximately 36.9​±6.5ft/s 
(11.3​±​1.9m/s), 118​±53.1ft/s​ (36​±​16.2m/s),78.6​±16.4ft/s​ (24​±​5m/s) at 5ft (1.524m), 15ft 
(4.572m), 25ft (7.62m) respectively. There was an increase of velocity loss from 5ft 
(1.524m) to 15ft (4.572m), but decreased from 15ft (4.572m) to 25ft (7.62m).  
Of all distances tested, the 25ft (7.62m) distance demonstrated the most consistent 






compared to the other distances. The most inconsistent results came from the 15ft 
(4.572m) distance due to its higher standard deviations from shot to shot.  
For ballistic coefficient calculations, there were great discrepancies between the 
G1 and G7 coefficient shapes at all distances tested. For the Remington ammunition, the 
calculated average BCs for G1 were 0.012​±001, 0.057±0.024, and 0.038±0.003 at the 
5ft(1.524m), 15ft (4.572m), and 25ft (7.62m) marks. The G7 ballistic coefficients for the 
Remington ammunition were inconclusive at the 5ft (1.524m), due to achieving a 
negative value. This is likely due to the G7 shape’s drastic differences to the G1 shape 
which better matched the bullet used in the experiment, but a value was attempted to be 
calculated to showcase differences in BC on bullet shape. A BC for G7 was able to be 
calculated from the results of the 15ft and 25ft shooting, which were determined to be 
0.038±.013 and .017±0.002, respectively.  
Compared to the G7 ballistic coefficients, the G1 coefficients were much closer to 
the manufacturer listed coefficients, but still significantly lower than the listed 0.079. 
However, this discrepancy is likely due to the conditions of firing as the ballistic 
coefficients obtained in this experiment were at a maximum range of 25 feet while the 
manufacturer listed BC was obtained at a distance of 100 yards (91.44m). Due to 
limitations in the experiment, a comparison of obtained BCs at this range was not made.  
With regards to the C​CI ​Mini Mag ammunition, the average calculated G1 BCs 
were 0.011±0.001, 0.027±0.004, and 0.05±0.01 at 5ft (1.524m), 15ft (4.572m), and 
25ft(7.62m), respectively. The standard deviations obtained were much smaller than the 
ones from the Remington ammunition and speak to the consistency of the Doppler 






the 5ft (1.524m) point due to a negative value, obtained in the calculation. However, for 
the 15ft (4.572m) and 25ft (7.62m) point, the calculated G7 BCs were .018±.002 and 
.031±.01. When comparing the results of these BCs to the manufacturer value of 0.13, an 
inverse correlation can be drawn between muzzle-to-target distance and BC.  
Lastly, the CC​I S​tinger Varmint ammunition had average G1 BCs of .03±.004, 
.036±.02, and .071±.02 at 5ft (1.524m), 15ft (4.572m), and 25ft (7.62m). Its G7 BCs 
were determined to be .016±0.002, 0.022±.015, and 0.039±.01 for 5ft (1.524m), 15ft 
(4.572m), and 25ft (7.62m), respectively. Compared to the manufacturer BC of .084, the 
closest calculated BC was for the G1 coefficient at 25ft (7.62m).  
In short ranges, it can be difficult to obtain information about the long-range 
potential ballistics of the projectile. When impacting the drywall substrate, there was 
often a negligible drop in velocity, with the largest velocity drop occurring after passing 
the substrate and contacting the stopping wall. The stopping wall was placed to prevent 
bullets from travelling beyond the range set up for this experiment. This phenomenon is 
consistent with the results of other studies (Jason and Haag 2010). Other than the 
Remington ammunition, the C​CI ​Mini Mag and Stinger Varmint both had an increase in 
G1 BC as the muzzle to target distance increased. Typically, a higher BC indicates a 
greater drag and loss of velocity of the bullet which is consistent with the results. There 
was some inconsistency for the Remington ammunition, in which the 15ft BC was higher 
than expected, especially over the BC at 25ft.  
Overall, due to the ever-changing nature of ballistic coefficients, the results can 
still be used to validate a method of calculating potential velocity losses of projectiles and 






from manufacturer BCs, but this could potentially be attributed to the difference in setup 
and firing, as the manufacturer BCs were often obtained at a distance of 100 yards 
(91.44m) a situation that was not replicable given the range limitations. The CC​I ​Stinger 
Varmint ammunition demonstrated the most reliable results, while the Remington 
Subsonic Varmint was the most relatively inconsistent ammunition type, among the three 
types tested. All three ammunition types tested were capable of providing G1 ballistic 
coefficients, but only the CCI Stinger Varmint was able to provide a G7 ballistic 
Coefficient at all tested distances. ​It was determined that Doppler radar can obtain 
information regarding velocity loss in close range conditions after impacting a drywall 





















Figure 14a. ​Determination of velocity loss, muzzle velocity, impact velocity, and 
standard deviation (StdDev) obtained from the Doppler spectrograms from all trials at 5ft 
(1.524m) muzzle to target distance in ft/s. M/s values can be found in the appendix. 
Muzzle velocity refers to the velocity of the bullet upon exiting the barrel of the firearm. 
Post impact velocity is used to refer to velocities occurring after contacting and 
perforating the gypsum board substrate. Velocity loss is calculated as the difference 





























Slow 5.0 1022.4 991.2 31.2 23.5 70.5 
Slow 5.0 1066.3 995.8 70.5   
Slow 5.0 1113.9 1022.7 91.2   
Slow 5.0 1070.3 985.0 85.3   
Slow 5.0 1087.3 1013.2 74.1   
Medium 5.0 1165.7 1110.0 55.8 18.7 87.4 
Medium 5.0 1164.4 1064.4 100.0   
Medium 5.0 1079.4 981.0 98.4   
Medium 5.0 1176.5 1091.6 85.0   
Medium 5.0 1189.7 1091.9 97.7   
Fast 5.0 1513.4 1483.5 29.8 6.5 36.9 
Fast 5.0 1569.2 1522.9 46.2   
Fast 5.0 1479.0 1443.5 35.4   
Fast 5.0 1575.1 1534.7 40.3   









































Slow 15.0 1038.5 1018.9 19.6 15.2 29.4 
Slow 15.0 1059.7 1037.6 22.1   
Slow 15.0 1036.0 981.1 54.9   
Slow 15.0 1062.5 1044.3 18.2   
Slow 15.0 1044.7 1012.6 32.1   
Medium 15.0 1148.2 1071.2 77.0 15.7 66.7 
Medium 15.0 1182.4 1097.7 84.7   
Medium 15.0 1076.5 1021.0 55.5   
Medium 15.0 1073.7 1027.5 46.2   
Medium 15.0 1136.8 1066.7 70.1   
Fast 15.0 1594.1 1500.6 93.5 53.1 118.0 
Fast 15.0 1518.2 1367.2 151.0   
Fast 15.0 1538.8 1414.7 124.1   
Fast 15.0 1563.8 1521.8 42.0   











































Slow 25.0 1030.1 974.8 55.3 1.3 55.5 
Slow 25.0 1022.3 968.3 54.0   
Slow 25.0 1038.9 983.3 55.6   
Slow 25.0 1030.0 972.5 57.5   
Slow 25.0 1058.0 1002.8 55.2   
Medium 25.0 1077.1 1027.2 49.9 1.9 50.8 
Medium 25.0 1120.6 1068.5 52.1   
Medium 25.0 1061.8 1008.6 53.2   
Medium 25.0 1093.5 1045.1 48.4   
Medium 25.0 1035.5 985.0 50.5   
Fast 25.0 1502.1 1420.2 81.8 16.4 78.6 
Fast 25.0 1527.3 1477.2 50.1   
Fast 25.0 1470.9 1385.0 85.9   
Fast 25.0 1533.3 1441.3 92.0   




Figure 15. ​Summary of calculated ballistic coefficients for the 3 respective ammunition 
types at G1, G7, and the manufacturer’s listed BC. NC denotes non-calculated ballistic 
coefficients which occurred under the G7 calculator settings. The values were below 0, 

































Slow 5 0.012 NC 0.079 
Slow 15 0.057 0.038 0.079 
Slow 25 0.038 0.017 0.079 
     
Medium 5 0.011 NC 0.130 
Medium 15 0.027 0.018 0.130 
Medium 25 0.038 0.031 0.130 
     
Fast 5 0.030 0.016 0.084 
Fast 15 0.036 0.022 0.084 















t Average BC Std Dev w/Outlier 
Slow 1 5 NC NC NC 
Slow 2 5 NC   
Slow 3 5 NC   
Slow 4 5 NC   
Slow 5 5 NC   
      
Medium 1 5 NC NC NC 
Medium 2 5 NC   
Medium 3 5 NC   
Medium 4 5 NC   
Medium 5 5 NC   
      
Fast 1 5 0.020 0.016 0.003 
Fast 2 5 0.013   
Fast 3 5 0.016   
Fast 4 5 0.015   
Fast 5 5 0.018   
      
Slow 1 15 0.035 0.038 0.013 
Slow 2 15 0.041   
Slow 3 15 NC   
Slow 4 15 0.053   
Slow 5 15 0.021   
      
Medium 1 15 0.018 0.018 0.002 
Medium 2 15 0.018   




Figure 16. ​Summary of calculated BCs obtained from 1.524-7.62m using the G7 ballistic 
shape for all three types of ammunition, along with the mean calculated BC and standard 
deviations. 5 trials are used for each combination of ammunition type and muzzle to 
target distance. Some values are indicated as “NC” or not calculated due to values 




Medium 4 15 0.019   
Medium 5 15 0.020   
      
Fast 1 15 0.019 0.022 0.015 
Fast 2 15 0.011   
Fast 3 15 0.014   
Fast 4 15 0.044   
Fast 5 15 NC   
      
Slow 1 25 0.016 0.017 0.002 
Slow 2 25 0.016   
Slow 3 25 0.017   
Slow 4 25 0.015   
Slow 5 25 0.021   
      
Medium 1 25 0.031 0.031 0.010 
Medium 2 25 0.044   
Medium 3 25 0.023   
Medium 4 25 0.039   
Medium 5 25 0.019   
      
Fast 1 25 0.036 0.039 0.011 
Fast 2 25 0.059   
Fast 3 25 0.034   
Fast 4 25 0.032   





The research conducted, using the Doppler radar system, attempted to establish 
ballistic coefficients for three types of .22LR ammunition fired from a Ruger 10/22 
semi-automatic carbine at the G1 and G7 bullet shapes through the collection of muzzle 
and post-impact velocities of a projectile through a ½” thick gypsum board substrate at 
short ranges of approximately 5ft-25ft (1.524m-7.62m). Several factors in the experiment 
were used to create an impact with a commonly encountered substrate, ½ inch x 12 in x 
15 in gypsum board at varying distances, muzzle velocities, and bullet types. The method 
demonstrated has distinct advantages in accuracy and flexibility over conventional 
chronograph projectile tracking that forensic firearms experts can consider when 
determining the optimal method to obtain a ballistic coefficient. Issues resulting from 
chronograph usage can range from collection accuracy, limitations to only a small set 
path of the bullet’s flight, and the risk of damage to the equipment from the projectile.  
Doppler radar serves as a viable and potentially more effective alternative to these 
issues, as it can collect velocity data on the projectile throughout the entirety of its flight, 
along with any fragments produced as a result of impact, such as gypsum board 
fragments, does not require measurement of a physical distance between two 
chronographs, a method that is subject to human error, and is placed next to a muzzle, 
negating the need to place the device downrange, potentially in the line of fire if aimed 
incorrectly. The primary drawback of the Doppler radar unit is its cost, as the unit is 
expensive compared to the chronographs. However, its qualities are ideal for measuring 
velocity ranges and its use should be recommended whenever possible to collect data to 






exclude theories regarding positioning of shooters in casework, particularly in 
reconstruction of shooting scenes.  
There were several limitations encountered in the study that future experiments 
should address during experimental setup. First, due to physical constraints and safety 
issues in the lab environment, it was not possible to record the results of long distance 
shooting. The majority of the ammunition used has a recorded ballistic coefficient taken 
at approximately 100ft from the muzzle, a situation that could not be setup exactly at PRI 
labs due to neighboring buildings, and not due to limitations in the Doppler radar itself. 
Ballisticians seeking to establish ballistic coefficients at long range should seek an 
environment that is amenable to long-range shooting with safety in mind, first and 
foremost, for future substrate impact experiments.  
Furthermore, future studies should endeavor to use a variety of firearms and 
ammunition types outside of the .22LR caliber used in the study. For safety purposes, it 
was imperative that a sturdy rifle rest was used to ensure the consistent placement of the 
firearm during shooting, since its proximity to the acoustic trigger and Doppler radar 
itself is calculated into the acquisition method the software uses to produce a 
spectrogram. The need for this rest prevented the experimenters from using pistols, 
revolvers, and other small firearms for which a mounted rest was not available at the 
same time as the Doppler system was available. Any research using these firearms should 
ensure that a device (such as a Ransom Rest) used to fix the position of them is obtained 
and static, so as to not disturb the measurements provided to the Doppler for acquisition. 
Likewise, this limitation limited the types of ammunition available for use as well. Future 






scenes such as 9mm, .380 caliber, .38 caliber, .40 caliber and others. These other 
ammunition types would also naturally lend to differing bullet shapes and respective “G” 
shapes as mentioned earlier, another factor that must be considered in establishing a 
ballistic coefficient.  
With regards to substrates, there is still ample room for diversification of 
substrates. It is unlikely that the only substrate encountered would be gypsum board in 
isolation at a crime scene. In indoor shootings, there are layers of paneling and gypsum 
board separating sections of an interior, with wood, metal piping, and other substances in 
between walls. To best recreate these scenarios, it would be ideal that an indoor home 
environment best resembling the scene details be constructed for Doppler radar analysis 
in determination of ballistic coefficient and other qualities of the projectile in flight. 
However, due to financial, physical, and time restrictions, this cannot always be done. An 
alternative could be the construction of a makeshift wall, itself mirroring those found in 
most homes that could be set up as a target in a manner similar to the gypsum board setup 
in this experiment. Additionally, ballistic gel could be set up in these reconstructions to 
resemble possible victims in violent shootings and analyze the velocity loss as the 
projectile passes through the gel and into the wall substrate (or the reciprocal, first the 
wall and then the gel). These are some possible scenarios future researchers exploring 
Doppler radar analysis could consider in their experimentation, as the method has 
tremendous potential in its flexibility and selectivity.  
Overall, despite the limitations, the experiment was able to successfully provide a 
method of calculating ballistic coefficient and determining muzzle and post-impact 






Doppler radar analysts should bear in mind the limitations outlined above and develop 
their own methods to overcome them with the resources at their disposal. The 
development of various scenarios and reconstructions from crime scenes can help to 
assemble a compendium of information regarding the behavior and possible velocities of 
bullets found at these locations. If police departments and forensic laboratories have the 
financial resources available for a Doppler radar instrument, the potential for use in 
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Figure 17a. ​Muzzle Velocities, Impact Velocities, Velocity Loss, Standard Deviation 

























Slow 311.7 302.2 9.6 7.1 21.5 
Slow 325.1 303.6 21.5   
Slow 339.6 311.8 27.8   
Slow 326.3 300.3 25.9   
Slow 331.5 309.0 22.5   
Medium 355.4 338.4 17.0 5.7 26.7 
Medium 355.0 324.5 30.5   
Medium 329.1 299.0 30.1   
Medium 358.7 332.8 25.9   
Medium 362.8 332.9 29.9   
Fast 461.4 452.3 9.1 2.0 11.3 
Fast 478.4 464.3 14.1   
Fast 450.9 440.1 10.9   
Fast 480.2 467.9 12.3   
























Slow 316.6 310.6 6.0 4.6 9.0 
Slow 323.1 316.3 6.7   
Slow 315.9 299.1 16.7   
Slow 323.9 318.4 5.5   
Slow 318.5 308.7 9.8   
Medium 350.1 326.6 23.5 4.8 20.3 
Medium 360.5 334.7 25.8   
Medium 328.2 311.3 16.9   
Medium 327.3 313.3 14.1   
Medium 346.6 325.2 21.4   
Fast 486.0 457.5 28.5 16.2 36.0 
Fast 462.9 416.8 46.0   
Fast 469.2 431.3 37.8   
Fast 476.8 464.0 12.8   






























Loss (m/s) StdDev 
Mean Velocity 
Loss (m/s) 
Slow 314.1 297.2 16.9 0.4 16.9 
Slow 311.7 295.2 16.5   
Slow 316.7 299.8 17.0   
Slow 314.0 296.5 17.5   
Slow 322.5 305.7 16.8   
Medium 328.4 313.2 15.2 0.6 15.5 
Medium 341.7 325.8 15.9   
Medium 323.7 307.5 16.2   
Medium 333.4 318.6 14.7   
Medium 315.7 300.3 15.4   
Fast 458.0 433.0 25.0 5.0 24.0 
Fast 465.7 450.4 15.3   
Fast 448.5 422.2 26.2   
Fast 467.5 439.4 28.1   













Coefficient Average BC 
Std Dev 
w/Outlier 
Slow 1 5 0.013 0.012 0.001 
Slow 2 5 0.011   
Slow 3 5 0.013   
Slow 4 5 0.012   
Slow 5 5 0.011   
      
Medium 1 5 0.012 0.011 0.001 
Medium 2 5 0.011   
Medium 3 5 0.010   
Medium 4 5 0.012   
Medium 5 5 0.011   
      
Fast 1 5 0.035 0.030 0.005 
Fast 2 5 0.024   
Fast 3 5 0.030   
Fast 4 5 0.028   
Fast 5 5 0.035   
      
Slow 1 15 0.070 0.057 0.024 
Slow 2 15 0.068   
Slow 3 15 0.023   
Slow 4 15 0.083   
Slow 5 15 0.043   
      
Medium 1 15 0.024 0.027 0.004 
Medium 2 15 0.024   
Medium 3 15 0.027   




Figure 18. ​Summary of calculated BCs obtained from 5ft-25ft using the G1 Ballistic 
shape for all three types of ammunition, along with the mean calculated BC and standard 
deviations. 5 trials are used for each combination of ammunition type and muzzle to 





Medium 5 15 0.026   
      
Fast 1 15 0.036 0.036 0.025 
Fast 2 15 0.021   
Fast 3 15 0.026   
Fast 4 15 0.080   
Fast 5 15 0.018   
      
Slow 1 25 0.037 0.038 0.003 
Slow 2 25 0.037   
Slow 3 25 0.038   
Slow 4 25 0.035   
Slow 5 25 0.042   
      
Medium 1 25 0.050 0.049 0.006 
Medium 2 25 0.056   
Medium 3 25 0.044   
Medium 4 25 0.055   
Medium 5 25 0.042   
      
Fast 1 25 0.065 0.071 0.022 
Fast 2 25 0.110   
Fast 3 25 0.060   
Fast 4 25 0.059   




Velocity vs Distance Spectrograms 
 
 
Figure 19a​. Slow Shot 1 Velocity vs Distance at approximately 25ft (7.62m). The initial 
drop in velocity is due to interference from outside noise. The graph does not begin at 
zero distance since the integrated area identified as the bullet (as seen in Figure 21a.) has 
a slight delay from the trigger acquisition device. This shifts the graph to indicate a 
velocity loss around 8m instead of the 7.62m the target is placed at. There is no increase 
in velocity as the bullet travels in flight, but can be picked up as such by the radar due to 

















Velocity vs Time (Non-spectrogram) 
 
 
Figure 20a​. Fast Shot 1 Velocity vs Time at approximately 25ft (7.62m) non 
spectrogram. As explained in Figure 19a, the initial decrease in velocity can be attributed 
to noise interference. The delay in time is due to the slight delay the acquisition device 
experiences from the acoustic trigger once the shot is fired.  
 
 

















Figure 21a.​ Fast Shot 1 Velocity vs Time Peak Spectrogram at approximately 25ft 
(7.62m) Notice that the highlighted blue area is the projectile flight as indicated by the 
TestCenter software. Segments are not highlighted since the program has difficulty in 









Figure 21c.​ Slow Shot 1 Velocity vs Time Peak Spectrogram at approximately 25ft 
(7.62m) 
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